The structural and electronic properties of cubic GaN are studied within the local density approximation by the full-potential linear muffin-tin orbitals method. The Ga 3d electrons are treated as band states, and no shape approximation is made to the potential and charge density. The influence of d electrons on the band structure, charge density, and bonding properties is analyzed. It is found that due to the energy resonance of the Ga 3d states with nitrogen 2s states, the cation d bands are not inert, and features unusual for a III-V compound are found in the lower part of the valence band and in the valence charge density and density of states.
I. INTRODUCTION
and 4p states of Ga are treated as bands, whereas the remaining core states are self-consistently relaxed in a spherical approximation. As variational basis for solving the Schrödinger equation, three augmented Hankel functions are used on each occupied atomic site with decay energies -0.7, -1.0 and -2.3 Ryd up to angular momentum l = 2. This LMTO basis is centered only on the Ga and N spheres, giving 27 functions per atom.
The atomic spheres are non-overlapping (sphere radii are 97 % of half the nearest-neighbor distance) in contrast with the often-used atomic-spheres approximation (ASA) version of the LMTO method [8] . As usual, empty spheres (of the same size as the atomic ones) are inserted in the interstitial regions of the ZB structure to improve the packing fraction.
A full-potential technique needs an accurate evaluation of interstitial three-center integrals and charge density. This is done by an interpolation technique which represents the product of two Hankel functions as a linear combination of other Hankel functions in the interstitial region. The same technique is used to represent the interstitial exchange-correlation potential and energy density. More details are to be found in Ref. [4] . The auxiliary interstitial charge density is expressed as an expansion in Hankel functions with decay energies -1.0 and -3.0 Ryd, centered in all spheres, with angular momentum up to l = 4.
The result presented below were obtained using a non-relativistic code. We also performed a scalar-relativistic calculation for GaN with the same method, and the results are found to be essentially unchanged (the lattice constant and fundamental gap are reduced by 0.2 % and 1.5 % respectively, and the cohesive energy is practically identical).
III. BACKGROUND
Although GaN is close to being a polytypic material [1, 9] , we have not attempted a prediction of the relative stability of ZB and wurtzite structures [10] . Such a prediction would be somewhat secondary to our understanding of this system. The first reason for this is that wurtzite-ZB energy differences are known to be very small both experimentally and computationally in many analogous systems [11] ; second, wurtzite is already known to be the stable equilibrium structure of GaN under normal experimental conditions; finally, the existence of an "easy" structural transitions induced by the substrate symmetry in epitaxial growth has already been demonstrated experimentally [1, 2] . Therefore, and also in view of the existence of a synthetic cubic phase of GaN, we hold an analysis of the properties of the cubic phase for more relevant at this stage.
In view of the real-space localization of the valence electrons of N and of the d shell of Ga, the use of an all-electron method, in which electronic states are all treated on equal footing irrespective of their localization properties, appears to be important. In particular, prior to information to the contrary, a proper treatment of the Ga d shell is required. To get an indication of the relevance of these states, one can consider calculations for the free atoms. The approximation of freezing any electronic states in the core, or of eliminating them by a pseudization procedure, is only plausible if they are clearly more strongly bound than any of the relevant valence states in the free atom. Further, even if the frozen-core or pseudoatom approximation appears to be reasonable from inspection of the free atoms, it may break down in a compound crystal in the presence of resonances of the atomic levels of different constituent atoms. An inspection of the free-atom energy levels of Ga and N shows that a special situation occurs in GaN (see 
IV. RESULTS
The structural properties of GaN in the ZB structure from our total-energy minimization are The overestimation of cohesive energies is a known defect of the LDA [3] .
To follow up the suggested special role of the cation 3d states in GaN, the band structures of three compounds are compared in Fig singlet which interacts strongly with the other L 1 bands (see also the discussion in Sec.V).
In Fig.3 , we show a blow-up of the d bands along the Λ and ∆ lines. Along Λ the symmetry is accordance with previous all-electron results [13] .
The (DFT-LDA) fundamental gap is found to be direct at Γ, E g = 2.0 eV. The experimental value of the fundamental gap is 3.55 eV in wurtzite GaN, and reported values for cubic GaN range from 3.25 to 3.5 eV [1, 2] . An instant estimate of the self-energy correction to the gap [3, 14] is provided by a recently proposed simple model [15] , which expresses it as ∆ ≃ 9/ε eV.
Since the high-frequency dielectric constant ε is unknown as yet for the cubic phase, one can use the wurtzite-phase ε of 5.8, getting a corrected gap of 3.55 eV. The calculated valence band width is 15.99 eV, which is substantially larger than that of the related compounds GaAs and GaP (13.0 and 13.1 eV respectively). The main heteropolar gap (s to sp band) is 9.01 eV, while the d-to-sp gap is 5.39 eV (the heteropolar gap in GaAs is 3.44 eV). Apart from d hybridization, these large gaps are to be expected in view of the ionicity of GaN.
Several pseudopotential calculations have been recently carried out for GaN, but to our knowledge there were no all-electron calculation available on it to date for the zincblende structure [16] . A proper comparison of our results with previous theoretical investigations is thus not straightforward, due to the problems encountered by pseudopotential methods in treating localized nodeless wavefunctions such as those of the N 2p and Ga 3d states. In the following we will compare our calculation with results obtained by others for the zincblende structure only.
In the mixed-basis calculation of Ref. [17] a pseudopotential including non-linear core corrections (NLCC) [18] for the frozen 3d shell was used for Ga and the Bachelet-Hamann-Schlüter (BHS) potential [19] was employed for nitrogen. A cell volume of 134 bohr 3 (lattice constant a 0 = 8.12 bohr, -3.7 % with respect to our result), a bulk modulus of 2.4 MBar, and a direct gap of 2.8 eV were reported. Assuming that the localized part of the mixed basis can describe reasonably well the nitrogen valence states despite the low plane-wave cutoff of 14 Ryd, this severe underestimate of the cell volume could well be due to the approximate treatment of the d-shell of Ga. This is consistent with past experience with II-VI's [20] ; we return to this question in the next Section. We should mention though that the reported cohesive energy is only 8.2
eV/cell; as has been argued in Ref. [20] , among the effects of partially active d shells there is an increase in lattice constant and a reduction of the cohesive energy (see below), so we would expect the pseudopotential cohesive energy to be larger than ours. One may suppose then that this calculation may not be fully converged.
Recently, Palummo et al. [21] have studied GaN with plane waves and pseudopotentials, treating the Ga d shell as core states, and linearizing the core-valence exchange-correlation functional (no NLCC). Their results for zincblende GaN (a tour de force requiring a cutoff of 120 Ryd) are somewhat puzzling. Using the nitrogen pseudopotential by Gonze, Stumpf, and
Scheffler (GSS) [22] they obtain a 0 = 8.41 bohr (-0.5% from our result), B = 1.69 MBar, and E coh = 10.25 eV (-5.7 % from ours), whereas they find a 0 = 8.15 (-3.4% from our result) and B = 2.4 MBar when using the nitrogen BHS potential, in close agreement with Ref. [17] . The s and p channel of GSS potential and the s, p, and d channels of BHS potentials were used respectively, the last channel listed being included in the local potential. As the authors point out, this important test signals high sensitivity of the results to the specific potential used for nitrogen, due to the high ionicity of the system. The fundamental gap reported is 2.70 eV, about 0.7 eV larger than ours [23] . This discrepancy could also be attributed to the neglect of the Ga d shell (see Sec.IV).
A further comparison is possible with our calculated frequency of the TO frozen phonon at the zone center, which is Ω ZB TO = 600 cm −1 . The experimental frequency is not known in cubic
GaN, but the analogous mode in the wurtzite structure has Ω W TO = 533 cm −1 . Although the discrepancy is rather large, part of the problem may lie in wurtzite-ZB differences. As an example, the TO phonon frequency in cubic SiC is known experimentally to be about 10 % higher than in hexagonal SiC [9, 24] , so this may account for most of the present deviation. On the other hand, the pseudopotential result for the wurtzite TO frequency in Ref. [17] suffers from a considerably worse discrepancy (Ω W TO = 644 cm −1 ).
V. EFFECTS OF D ELECTRONS
The previous Section has demonstrated that the Ga d states play an important role in the band structure of GaN, due to their strong hybridization with the N 2s states near the bottom of the valence band. Not yet clear is the importance of these active d bands for the cohesive properties and the charge density. We consider these questions in this Section, coming to the conclusion that GaN is quite similar to the II-VI compounds in these respects.
A. Cohesive properties
The question to be answered is whether a reasonable description of the bonding in GaN can be obtained with an approach which only treats the sp electrons of Ga and N explicitly as band states. In the pseudopotential framework, for example, this could be done by simply treating the cation d states as core states and linearizing core-valence exchange-correlation. However, this approach has been shown to fail manifestly for the II-VI compounds, giving lattice constants which are typically 10 to 15 % too small [20, 25] . In this respect, improved pseudopotential techniques adopt the so-called non-linear core corrections (NLCC) [18] . Hereby the free-atom core density is added to the valence density when the exchange-correlation energy is calculated.
This improves things considerably for the II-VI's, since the lattice constant is now only 3 to 4.5% below the experimental value [25, 26] .
More generally, the core states can affect the bonding in three distinct ways. First, if the core is frozen to its free-atom shape, an (usually small) error is made which, according to the variational principle, must increase the total energy, and hence decrease the cohesive energy. This effect disappears when the lattice constant approaches infinity, and it increases monotonically for decreasing lattice constant as long as the core states remain very localized on the typical length scale of the lattice : in the latter regime this effect leads then to an increase of the lattice constant. Second, if the core overlaps appreciably with the on-site valence states, the effect of the exchange-correlation non-linearity sets in, resulting in an interatomic repulsion. Third, if the core states are large enough to overlap to some extent (or to interact with neighboring-site filled valence states, as is the case for the Ga ds and N s in GaN), the closed-shell repulsion becomes noticeable. This is a consequence of the increase in the kinetic energy when the cores on neighboring sites are made orthogonal. If this contribution is neglected, the lattice constant comes out too small and the cohesive energy too large. The magnitude of this effect is governed not only by the overlap of the core wavefunctions, but also by the amount of resonance between the on-site core eigenvalues for the neighboring sites. This means that the core states can only "see" each other if they are in the same energy range. For a system with neighboring atoms of different types, it is therefore conceivable that there is a reduced closed-shell repulsion if core eigenstates do not resonate. Conversely, for the case of GaN we expect a strong such repulsion since, as we have seen, there is a very strong resonance between the Ga 3d and N 2s states.
To distinguish between the various core contributions to the bonding, we have done additional calculations as follows. In each iteration, the core density is obtained by overlapping the frozen free-atom cores, and the sum of the free-atom core kinetic energies is taken into the total energy.
The overlapped core can extend into the interstitial region and into neighboring atomic spheres.
In cases where the core states are localized enough not to overlap, this "frozen-overlappedcore" approximation (FOCA) is equivalent to the usual frozen-core approximation. For GaN, however, the Ga 3d states are so large compared to the interatomic distance that a straight frozen-core calculation runs into problems. Of the three core contributions discussed above, the FOCA procedure includes only the non-linear exchange-correlation contribution; it does not include the core relaxation and closed-shell repulsion effects. It should therefore be closely similar to the pseudopotential-plus-NLCC approach, and should shed light on the applicability of the latter to GaN and related systems. Table I shows the cohesive properties of GaN, ZnS, GaAs, and Si calculated by the all-electron FP-LMTO method, both with the full treatment and using the FOCA, and compares them to NLCC-pseudopotential results where these are available. For Si, the core is very small so that the only neglected term in the FOCA is the core relaxation. In agreement with the discussion above, this leads to a slightly larger lattice constant and a smaller cohesive energy. A similar behavior is seen for GaAs, for which the Ga d states are energetically well below the As s states and, in addition, the lattice constant is rather large. The decoupling of the d states is not complete, though, and the relatively small effects of core relaxation and closed-shell repulsion are in competition.
For ZnS as well as GaN, on the other hand, the relevant effect neglected in the FOCA is the closed-shell repulsion with the associated underestimate of the lattice constant and overestimate of the cohesive energy. Although acceptable values are obtained, the lattice constant is still too small by some percent. This is in fact similar to the deviations found when the pseudopotential technique with NLCC is applied, as can be seen from Table I . We note though that the NLCC-PP errors tend to be somewhat larger. This may be attributed in part to the additional approximations needed in the implementation of the NLCC (e.g. the pseudization of the core charge inside some inner core radius).
On the basis of the above considerations we conclude that in the case of GaN no pseudopotential calculations can be considered reliable if performed without the d shell in the valence or (as a minimal requirement) use of the NLCC. This is also the case for II-VI materials, as shown above and in earlier work [20, 25, 26] . Satisfactory results obtained in this context with the direct, uncorrected pseudopotential procedure should thus be regarded as incidental [21, 28] , and possibly due to accidental error cancellation.
We briefly consider the influence of Ga d-shell freezing on the band structure of GaN, in particular on the direct gap, which is 2.00 eV in the full calculation. Although the absence of repulsion between d and top valence p states at zone center causes an increase of the gap (see the detailed discussions in Ref. [13, 20] ), a quantitative estimate of gap differences is difficult, due to volume dependences; the high bulk modulus and deformation potentials of the relevant states cause effects similar to those observed for other semiconductors [29] . A gap of 2.8 eV is reported in Ref. [17] , and one of 2.7 eV in Ref. [21] . In our frozen-core calculation we find a gap of 2.66 eV at the frozen-core theoretical lattice constant (8.30 bohr) . When calculated at the theoretical lattice constant of the full calculation (8.44 bohr), the frozen-core gap is 2.20 eV, 10 % larger than the full gap at the same volume. We report in passing our estimate for the deformation potential of the lowest conduction state, 5 meV/kBar, in good agreement with the experimental value of 4.7 meV/kBar [16] .
As a summary of this Subsection, the core states can influence the bonding properties in three ways, namely through non-linear core-valence exchange-correlation effects, core relaxation, 
B. Wavefunctions and densities
The similarity of GaN and the prototypical II-VI ZnS has been observed in the band structure and cohesive properties. Such effects are due to the cation d shell being not inert in these systems. To render this visually, we present a selection of partial charge densities for GaN.
This is similar in spirit to the work of Wei and Zunger [20] , who have investigated in some detail the effect of cation d states on (among others) the charge densities of selected states and on the total densities in several II-VI compounds. We will be considering charge densities at specific k-points (the modulus squared of the wave function ψ i (k, r) at k) as well as kintegrated band contributions to the density. All charge densities are plotted in a (110) plane.
For convenience, superscripts d and v are used to label states originating from d and top valence bands respectively, whereas states with no superscripts are from the bottom valence band (see Fig.2 for a guide to the relevant states). Density plots have lowest contour and contour spacing of 0.5 and 1 electron/cell, respectively.
In the zincblende structure, the mixing of p and d states is permitted [20] even at the Γ point, which has T d as group of k (contrary to the situation in the diamond structure, where it has the full O h symmetry). The upper valence bands at Γ will no longer have pure p character, d
character being admixed into them and, conversely, the d-bands will contain p components. The mixing of s and d states is not allowed at Γ, but at a general point of lower symmetry, states with all symmetries of the rotation group will in general be allowed to interact. Therefore, charge density and density of states (which are obtained by averaging over the Brillouin zone), and the full band structure will be only partially reminiscent of the specific symmetry of the original atomic states. This is the case, e.g., for the Γ [16] . The features of the partial densities should also be directly compared with the results of Ref. [20] for II-VI compounds.
We conclude that in contrast to most other III-V compounds (represented here by GaAs), GaN does exhibit features of the charge densities and band structure which resemble those observed [20] for II-VI's (represented here by ZnS). This is due to the d shell of Ga being not inert in this compound, as a consequence of the energy resonance of N s and Ga d levels.
C. Density of states
Although mixing of all angular momenta takes place due to symmetry lowering in the crystal environment, the content of a specific angular momentum character of a crystal state may be recognized in several ways. As seen above, inspection of partial charge densities is useful in this respect. Another technique allowing a monitoring of the site and angular momentum dependence of the charge distribution is the Mullikan decomposition [32] of the total density of states, which is natural to the LCAO-like basis used here. The total DOS can be decomposed into site and angular momentum contributions, and if desired, into bonding and antibonding overlaps.
The LMTO basis set naturally gives a decomposition of the calculated wavefunctions as a sum over sites and angular momenta as
ν,L , where ν is a site index and L a composite angular momentum index. We then take the decomposition of the norm as weight to add into the partial densities of states as
The advantage of this approach over the common technique of projecting onto angular momenta inside the spheres is obvious : first, the decomposition is essentially independent of all sphere radii, and second, no DOS contribution is associated with the empty spheres or the interstitial region.
The atom-projected DOS for s, p, and d angular momenta are given in Fig.8 . A frozen-overlapped-core procedure was used to identify the way in which the core and d
states influence the cohesive properties of GaN as compared to some other relevant materials.
We deduce that, although the non-linear exchange-correlation correction is the most important effect in GaN and ZnS, the closed-shell repulsion also plays a significant role; neglect of this effect leads to a lattice constant which is too small by some 3% in both systems. This sets an upper limit on the accuracy which can be expected of methods which do not treat the d states 
